Abstract-We report on the measurements of monoenergetic neutrons from DD and DT fusion reactions by use of the capture gating method in a heterogeneous plastic-glass composite scintillation detector. The cylindrical detector is 5.08 cm in diameter and 5.05 cm in height and was fabricated using 1-mm diameter Li-doped glass rods (GS20) and scintillating polyvinyl toluene (EJ-290). Different scintillation decay constants are used to identify energy depositions in two materials constituting the composite scintillator. Geant4 simulations of the neutron thermalization and capture process were conducted, finding a mean capture time of approximately 2.6 µs for both DD and DT neutrons. A capture gating time acceptance window based on simulation results was used to identify the neutron thermalization pulses. The total scintillation light yield produced in neutron thermalization was measured and found to show consistency on event-by-event basis despite the variety of neutron thermalization histories prior to capture. The ratio of light yields from thermalization of 14.1 MeV and 2.45 MeV neutrons in the EJ-290 scintillator was determined to be 14.6, and the light output from 2.45 MeV neutrons was also correlated to its electron equivalent, obtaining a value of 0.58 ± 0.05 MeVee.
gamma rays. Since the neutron spectra vary depending on their source, neutron spectroscopy can help distinguish among various neutron sources. Further, neutron spectroscopy can help improve the understanding of the composition and quantity of shielding materials present in the intervening space. In this work, we present spectroscopic measurements of monoenergetic fast neutrons with a small, recently developed prototype composite detector based on a combination of lithium-doped scintillating glass and scintillating polyvinyl toluene (PVT). The design, fabrication, and characterization of the detector using a spontaneous fission source have been previously described in [1] .
Liquid scintillators are commonly used to perform fast neutron spectrometry, where pulse shape analysis techniques are used to discriminate between neutrons and gammas. Liquid scintillators exhibit relatively high efficiency for fast neutrons, but their ability to distinguish between neutrons and gammas is diminished at lower energies (on the order of 100 keV or less). Complex unfolding algorithms are employed to extract the spectra of the incident neutrons in organic neutron scintillation detectors, largely due to the partial energy deposition and varying collision histories for neutron events [2] , [3] , [4] . Liquid scintillators, such as the EJ-309 [5] , lack energy resolution at higher energies, increasing the difficulties in spectral unfolding [6] , [7] .
Spectroscopic performance of scintillation detectors, as well as their performance at lower neutron energies in mixed radiation fields may benefit from the use of the capture-gated detection scheme. Capture-gated detection requires a time coincidence with a neutron capture to identify neutron thermalization events. Neutron capture probability on certain nuclides chosen as capture agents increases significantly with reduction of neutron energy. In this way, a thermalization process followed by capture has a preference to produce thermalization light output originating from full energy deposition of the neutron [8] . Measurements with monoenergetic neutron sources result in a continuum in neutron energy with a peak at the endpoint of complete deposition of energy in a single scattering event with a hydrogen nucleus.
Capture-gated detectors were first introduced by Muelhause [9] , where the detector material was organic scintillator. Research on capture-gated detectors has been conducted by many authors, including Czirr and Jensen [8] , [10] , Czirr et al. [11] , and Drake et al. [12] . An extensive historical review 0018-9499 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
of neutron spectroscopy up to 2002, including capture gated detection, has been provided in [13] , while more recent work has been described in [14] , [15] , [16] , [17] , [18] . There has also been interest in capture gated neutron detectors as possible alternatives to 3 He detectors [19] . Another area related to our work has been the research on phoswich detectors, where two materials with different scintillation decay times are optically coupled. Plastic scintillators loaded with bismuth were recently demostrated in a phoswich configuration [20] . A phoswich detector consisting of EJ-309 neutron/gamma discriminating liquid covered with EJ-299-13 plastic scintillator was considered in prior work for measurement of neutron energy [21] .
The capture gating technique relies on the measurement of two pulses correlated in time that result from interactions of the same neutron with the detector. In our detector, the first pulse is produced primarily by the scattering of the neutron on hydrogen and carbon nuclei in the scintillating PVT. The collisions cause the neutron to slow down and approach thermal energies, where the cross section for neutron capture in the neutron sensitive material is significantly higher. The origin of the second pulse in our detector is the capture of the neutron in the Li-doped glass scintillator.
Typical neutron sensitive materials used in conjunction with the capture gating technique are 10 B, Gd, and 6 Li. The neutron capture reaction that takes place in our detector occurs on 6 Li:
The choice of 6 Li provides a relatively large Q-value for the neutron capture reaction, producing a high scintillation light yield in Li-doped glass scintillator, which uniquely identifies a neutron event simultaneously through pulse height and pulse shape.
The composite scintillator used in this experiment has been fabricated from 1-mm square-aperture, 50.5-mm long GS20 Lidoped glass rods suspended in scintillating PVT (Eljen EJ-290) cylinder with a diameter of 5.08 cm and a height of 5.05 cm. The glass constitutes a 6% mass fraction of the detector. The heterogeneous design and geometry of the composite material enables pulse shape discrimination of neutron captures from gamma-induced electron and neutron-induced nuclear recoils, since the two types of energy depositions occur preferentially in glass and PVT component of the detector, respectively. The scintillation decay times of GS20 glass and EJ-290 scintillator are different, which allows identification of the material in which the energy deposition takes place by pulse shape. Neutron events are further discriminated from gamma events by the requirement for neutron capture. Once the neutron reaches thermal energies, the mean free path of a neutron in the glass is approximately 230 μm, which is smaller than the dimensions of the glass rod, resulting in high capture probability. The heavy charged particles produced in neutron capture have ranges on the order of tens of μm, making the full energy deposition of their kinetic energy in the glass highly probable [22] , [23] .
In contrast, a typical range of an energetic electron produced by interaction of a gamma ray with the composite detector greatly exceeds the transverse dimensions of the lithium glass rod. Since the glass constitutes a relatively small fraction of the Fig. 1 . Two pulses that originate from the same neutron are shown. These two events are correlated in time and are separated by a time difference of approximately 12 µs, but are time-shifted to illustrate the difference of pulse shape between the events occurring in PVT and Li-doped glass. The first pulse (blue) is attributed to neutron elastic scattering in PVT and is followed by the second pulse (red), which is attributed to neutron capture in Li-doped glass.
detector mass, the electrons deposit their energy primarily in the PVT and can be readily distinguished by pulse shape and the absence of a subsequent neutron capture pulse. Similar to gamma rays, the neutron-induced nuclear recoils deposit their energy primarily in the PVT, but the requirement for a coincident neutron capture pulse allows their discrimination from gamma rays.
The organic scintillator used in this detector design produces a light output which is not proportional to deposited neutron energy. The deposited energy is in the form of nuclear recoils on hydrogen and carbon nuclei; the light output for many organic plastic scintillators scales nearly as E 3/2 , [24] , where E is the deposited energy. The scintillation light output of organic scintillators has been described by the Birks' formula:
where dL/dr is the energy emitted as light per unit distance, S is the absolute scintillation efficiency, dE/dr is deposited energy per unit length in the form of ionized and excited particles, k is a constant related to the quenching of the material, and B is a constant [25] . This behavior gives rise to nonproportionality, in that the ratio between the deposited energy and the scintillation light output is not a constant. Fig. 1 shows two typical measured pulses, where the first pulse (blue) is attributed to neutron thermalization in PVT, while the second pulse (red) is attributed to neutron capture on 6 Li in Li-doped glass. The pulses were time-shifted to overlap and illustrate the difference between their pulse shapes. The delay between the two pulses corresponds to diffusion time of a slowed down neutron prior to its capture. For the pulses in Fig. 1 , the time difference was approximately 12 μs.
The thermalization pulse can be correlated to the incident neutron energy and used to measure the incident neutron spectrum [26] . The scatters of the fast neutron in the detector occur in rapid succession, producing a single scintillation pulse that carries information on the total energy deposited to nuclear recoils and is related to the incident neutron energy [24] . Elastic neutron scattering on hydrogen (proton) results in largest average energy transfer. At higher neutron energies, the elastic scattering cross-section of carbon exceeds that of hydrogen, but results in significantly lower light output [27] . Collision histories that include large energy transfers to hydrogen dominate the produced light output.
Neutron capture occurs with high probability only when the neutron is fully or nearly thermalized; as a result, restricting the neutron detection events to those that produce a capture pulse limits the thermalization events to those in which a near-complete deposition of the neutron kinetic energy in the scintillator occurs. This complete energy deposition, however, does not generate an ideal peak in the differential spectrum of the produced scintillation light even when the incident neutrons are monoenergetic, which is primarily due to the nonproportionality of the scintillator and different collision histories of each neutron prior to capture.
II. MONTE CARLO SIMULATIONS
Monte Carlo simulations were performed using the Geant4.10.0.p1 framework [28] . The exact composition and geometrical configuration of the fabricated detector was adopted from [23] and the response to 2.45 MeV and 14.1 MeV monoenergetic neutrons was studied. Simulations were used to calculate the number of captures on 6 Li, time to neutron capture, and the neutron energy at capture. The ratio of neutron energy lost to thermalization prior to capture and the incident neutron energy was examined to help interpret the neutron spectroscopic measurements.
For calculating the capture efficiency of a neutron on 6 Li, a fan beam of monoenergetic neutrons was directed towards the side of the cylindrical detector. The zenith and azimuth angles of the fan beam were set such that the beam dimensions at the center plane of the detector were equal to detector diameter and height. Therefore, all source neutrons were incident on the detector volume. Both the neutron energies and interaction locations were tracked. The fraction of neutrons incident on the detector undergoing capture was 0.24 ± 0.005% for 2.45 MeV neutrons (based on 10 6 simulated neutrons) and 0.03 ± 0.0002% for 14.1 MeV neutrons (based on 5 × 10 7 simulated neutrons). The intrinsic efficiency calculated by Monte Carlo simulation is an overestimate when compared to measured intrinsic neutron detection efficiency, since the simulation does not include light transport to the photomultiplier tube (PMT), nor does it require an event occurring in the PVT within the set coincidence window prior to neutron capture. Fig. 2 shows the energy-dependent neutron capture cross section on 6 Li, exhibiting a characteristic 1/v behavior. Although a neutron can undergo capture on 6 Li at any energy, the probability of capture increases rapidly with the reduction of neutron energy [29] . This dependence of the capture cross section on neutron energy results in a strong correlation of the total scintillation light yield produced by neutron thermalization in the PVT to the incident neutron energy, since there is a preference for the neutron to deposit the bulk of its energy prior to capture [8] .
In Fig. 3 , we show the simulated neutron energy spectrum at the time of neutron capture for a 14.1 MeV incident neutron. Neutron energies are tracked until capture occurs on Li-glass, with no lower energy cut implemented. The neutron resonance of 6 Li centered near 0.25 MeV indicates an increase in the probability of neutron absorption and is visible in the calculated spectrum. An integration from 0.2 MeV to 0.3 MeV results only a small fraction (< 1%) of all events, however. The number of counts has been normalized to the total number of source neutrons. Approximately 80% of all capture events occur < 0.5 MeV, with a mean energy at capture of 0.06 MeV, which is ≥ 99% of their incident energy. For a sequence of interactions that end in neutron capture, the ratio of energy deposited in thermalization and the incident neutron energy approaches unity; therefore, the total scintillation light output of the thermalization pulse is representative of complete energy deposition of the neutron. The mean ratio of thermalization to incident neutron energy for 14.1 MeV source neutrons is 99%. As illustrated in Fig. 3 , a large grouping of events occurs in the lower energy bins (< 0.04 MeV). The simulation has also been performed for 2.45 MeV neutrons, arriving with a nearly identical result.
The simulated time distribution between the first neutron scatter and its capture for incident neutron energies of 2.45 MeV and 14.1 MeV is shown in Fig. 4 . For both energies, the mean time to capture calculated from the results of the simulation is approximately 2.6 μs. A time acceptance window for correlated (thermalization followed by capture) events in data analysis were set to 40 μs, which includes > 99% of all thermalization events that lead to neutron capture.
III. EXPERIMENT
The fabricated composite scintillator was coupled to a Hamamatsu R6231-100 PMT with optical grease and wrapped with Tyvek to provide optimal reflection. Tyvek is a paperlike material comprised of high density polyethylene with a high reflectivity for the wavelength of light emitted by the composite scintillator (approximately 400 nm) [30] . A layer of black Tedlar, a polyvinyl fluoride film, was used to isolate the detector from external light [31] . The PMT was connected to a CAEN DT5533 desktop high voltage power supply and a CAEN DT5730 14-bit 500 MS/s digitizer for data acquisition (DAQ). Full waveform data were collected with the acquisition time set to 400 ns. The scintillation decay constant for EJ-290 is on the order of several nanoseconds. The waveform length was set to ensure to capture the entire pulse from an event occurring in PVT. The pulse originating in the Li-glass is much longer, but due to the large difference in pulse shapes, the entire length of the Li-glass pulse was not required to establish the gating capture signal. By selecting a short waveform length, the detector could withstand higher fluxes during the experiment. A pre-trigger of 80 ns was used to determine the waveform baseline. To ensure the entire PVT (thermalization pulse) was recorded, a comparison of the pre-and post-baselines was made. The post-baseline was calculated using the final 50 ns of the pulse. All PVT events were analyzed and yielded nearly the same baseline mean. The digitizer used the standard CAEN firmware package and a ROOT-based graphical interface for DAQ [32] , [33] .
The detector was calibrated using the Compton scattering interaction of gammas from 137 Cs, 60 Co, and AmBe sources. The Compton edge was assigned in accordance with the methodology outlined in [34] . The results of the calibration were used to convert the light output of the neutron interactions to their electron equivalents up to approximately 4 MeVee.
All measurements were performed at the National Institute of Standards and Technology Californium Neutron Irradiation Facility (CNIF) located in Bethesda, Maryland. The footprint of the room in which the measurements were conducted was approximately 5 m × 5 m × 5.9 m. The room is completely surrounded by concrete, located at a 10 meter water equivalent (m.w.e.) depth and lined with 5.4 cm of anhydrous borax on floor, ceiling, and all walls to reduce the potential neutron room scatter. The borax provides good thermal neutron shielding from neutrons that thermalize outside the room after escaping. The incident neutron consists of the direct component from the neutron generator, a small room return component, and the natural background at 10 m.w.e. Several neutron energy measurements have been conducted in this facility and have been discussed in [4] and [17] . Room return from scattered neutrons within CNIF was reported as 2% at 27.4 keV and 565 keV and 1% at 2.5 MeV and 17 MeV [17] . Although the exact experimental setup used in this experiment was not identical to that reported in [17] , they do not differ significantly. We conclude that the effect of both the overburden and boron lining provide an suitable environment for neutron spectroscopic measurements [35] .
Monoenergetic neutrons were produced from DD and DT fusion reactions at energies of 2.45 MeV and 14.1 MeV, respectively. The DD generator used was Thermo Electron Model P-325 and it was operated at a current of 100 μA and voltage of 100 kV, producing approximately 10 6 neutrons/s. The DT generator used was a Thermo Scientific Model P-385 and was operated at a current of 50 μA and a voltage of 50 kV, producing a neutron flux on the order of 10 8 . The DT and DD generators emit a nearly isotropic neutron flux; no shielding or collimation was used in the experiment, so that the neutron spectrum incident on the detector is not perturbed.
The detector was placed on a metal stand 220 cm above the ground and positioned in the room as depicted in Fig. 5 . The DD generator was positioned directly above the detector, approximately 110 cm from the circular face opposite of the PMT. The detector position remained unchanged for the DT measurements. The DT generator was located in the corner of the room, with the shortest distance to the side of the detector of 200 cm. DT measurements were conducted for a total time of 14.1 hours in four separate data runs. The DD experimental time totaled 9.36 hours with nine individual data runs. For both neutron sources, the individual data files were combined for the analysis. 
IV. ANALYSIS
The waveform data were processed using a custom analysis code to calculate and subtract the waveform baseline and subsequently determine the pulse height, pulse peak position, and the pulse shape parameter (P SP ). Baseline was calculated and subtracted on an event by event basis using the first 30 ns of the pre-trigger points.
The P SP for an event was defined by
where total pulse area, Q full , was calculated by integrating the pulse starting from 20 ns prior to the pulse peak to the end of the entire record (400 ns). Q tail was calculated by performing a partial integration, starting 16 ns after the pulse peak and up to the end of the entire record (400 ns). Several cuts were applied in the analysis to ensure the data quality. The first is the pulse peak position cut, verifying the correct operation of the DAQ trigger such that the entire pulse is captured within the length of the individual waveform. A Gaussian distribution was fitted to the distribution of all peak pulse locations, and a 3σ cut was applied; all pulses with a peak position falling outside of this 3σ cut were rejected.
The timing cut was applied next to remove the majority of uncorrelated events. The time acceptance window of 40 μs was selected to include 99% of all thermalization pulses prior to capture, as predicted by Monte Carlo simulation. The time interval distribution function of uncorrelated events is
where t is the length of the time interval and r is the average rate of event occurrence [24] . A plateau in the experimental interevent time distribution is observed after 40 μs, and is attributed to uncorrelated events. An exponential fit based on (4), using the range of data between 40 μs and 80 μs of the experimental inter-event time distribution and extrapolated to the range of between 0 μs and 40 μs, was used for uncorrelated event subtraction.
In Fig. 6 , the result of the analysis from a portion of the measurements conducted with 14.1 MeV neutrons is shown. The neutron capture events are localized at a mean P SP ≈ 0.6 and mean light output (L) of L ≈ 0.47 MeVee. A Gaussian distribution is fit to the neutron region in the light output and P SP dimensions and a 3σ cut is applied. Only events that remain after this cut are identified as accepted as neutron captures. The preceding 40 μs period is scanned for thermalization events and they are accepted if present. The events that have been preselected through the trigger event and inter-event time cuts are subsequently classified by their P SP and light output. The region in Fig. 6 at 0.1 < P SP < 0.2 is attributed to events that occur in the PVT component of the scintillator, while the region at 0.5 < P SP < 0.7 and 0.4 MeVee < L < 0.6 MeVee is attributed to neutron captures in the GS20 glass component of the scintillator. Two Gaussian fits have been applied to those two characteristic regions in the data to separate the neutron captures from events depositing energy primarily in PVT (nuclear and electronic recoils from neutron scatters and gamma interactions, respectively). The results of the fit are reported in Table I . The events within 3σ of the cuts defined in this manner are accepted. Additionally, time correlated candidate events are required to follow the specific sequence, i.e. an event occurring in PVT followed by a capture event in Li-doped glass. Fig. 7 shows the results of DD and DT measurements after all analysis cuts. The DD results are filtered to 24 368 events, which is 0.06% of the number of events in the raw data. The DT experiment yielded 19 568 events after application of all cuts, approximately 0.07% of the number of all collected raw data. The energy axis scale has been set to better visualize the neutron capture island. The thermalization events for the 14.1 MeV neutrons extend to light output above 10 MeVee.
V. RESULTS   Fig. 8 shows the experimental DD and DT inter-event time distribution after the subtraction of the contribution due to accidental coincidences, along with the Monte Carlo calculated time-to-capture distribution for comparison. Coincidence is defined as a sequence of two correlated events, where the first event originates from the PVT component of the detector, and the second from neutron capture in the Li-doped glass component of the detector, within the set time window of 40 μs. The two events are considered to be uncorrelated if they do not correspond to thermalization and capture of the same neutron. Each distribution has been normalized to the integral of the distribution ranging from 0.4 μs to 250 μs. The start point of integration, 0.4 μs, is required due to the chosen record length of the DAQ.
The experimental and Monte Carlo inter-event timing results in Fig. 8 were subjected to a χ 2 test. Ratios of χ 2 to the number of degrees of freedom (NDF) of 1.88 (NDF = 29.6) and 2.48 (NDF = 30.58) were obtained for DT and DD results, respectively. These results show a reasonable agreement between simulation and experiment, with discrepancies that may be attributed to systematic errors in simulation, such as small departures of the simulated material composition and geometry from that used in the experiment.
The reconstructed capture gated spectra for 2.45 MeV and 14.1 MeV neutrons are shown in Fig. 9 . Both spectra have been obtained with background subtracted and all cuts applied. In both capture gated spectra distinct peaks are visible, corresponding to two neutron energies used in the experiment. A Gaussian fit has been calculated to those two peaks, resulting in the light yield of 8.9 and 1.3 × 10 2 (in arb. u.) for 2.45 MeV and 14.1 MeV neutrons, respectively. The light yield was converted to electron equivalent energies up to 4 MeVee, which are also shown. The nonproportional response of the EJ-290 scintillator with respect to the deposited neutron energy is apparent from the reconstructed light yield at those two discrete neutron energies.
For a 2.45 MeV neutron, the elastic scattering cross section of 12 C is 1.59 b compared to 2.58 b for 1 H. For 14.1 MeV neutrons, the elastic scattering cross sections of 12 C and 1 H are 0.8 b and 0.7 b, respectively [29] . The comparable magnitude of cross sections, along with the comparable density of hydrogen and carbon in PVT, results in diverse collision histories, which give rise to a energy continuum with the endpoint being the full energy deposition of a neutron in a single scatter with hydrogen. At higher neutron energies ( 1MeV), inelastic scattering events on carbon produce 4.4 MeV gamma rays that readily escape the detector, contributing to the low energy continuum [4] . Energy-dependent broadening of the full-energy peaks is evident in Fig. 9 (a) and (b), which could result from a combination of several effects, including photo-electron statistics, electronic noise, bias introduced by applying the analysis cuts, and the varying collision histories on hydrogen and carbon, which give rise to a variance in light production due to their different relative light outputs and non-proportionality.
VI. SUMMARY AND CONCLUSIONS
In this work, neutrons of two discrete energies were measured with a composite detector comprised of lithium-doped scintillating glass and scintillating PVT. Monte Carlo simulations were performed to assess the time correlation between thermalization pulses and capture pulses, enabling spectroscopic measurements. As a result of the different scintillation decay times of the two materials used in the detector, the capture events in lithium-doped glass scintillator and the preceding thermalization events are identified.
The thermalization spectrum shows distinct neutron peaks for both 14.1 MeV and 2.45 MeV neutrons with a ratio of their light outputs of 14.6. A correlation of the light output to its electron equivalent was established at 0.58 ± 0.05 MeVee for a 2.45 MeV neutron. An electron equivalent light output, however, was not established for the 14.1 MeV neutron measurement, as gamma sources above approximately 4 MeV were not available for calibration.
The resolution of the peaks produced in the distribution of light output (Fig. 9 ) was calculated to be 23% and 9.7% at full width half maximum (FWHM) for 2.45 MeV and 14.1 MeV neutrons, respectively. These results can be compared to other standard pulse shape discriminating neutron detectors. In [36] , the energy resolution of EJ-299-33, a pulse shape discriminating plastic, was compared to that of the EJ-309 liquid scintillator. It should be noted that the detectors in [36] are larger than our detector by 1 cm (20%) in both diameter and height. The resolution reported here is superior to that of the EJ-299 at both 2.45 MeVee and 14.1 MeVee by approximately 60%. The resolution of EJ-309 is slightly better at 2.45 MeV (≈ 13%), but worse by a factor of approximately 2 at 14.1 MeV, which to some extent may result from the larger size of the EJ-309 detector [5] , [36] . In [21] , a resolution for a phoswich neutron detector for 80 MeV neutrons from p-Li reactions was reported to be 12-13% FWHM. A liquid scintillator 5.08 cm in diameter and 1.27 cm long constructed from EJ-399-06 was measured to have resolution of 15% for 8 MeV neutrons [21] . In Table II we list other PVT-based scintillators and their previously reported electron equivalent light outputs at or near the DD neutron energy (uncertanties were not reported in [37] ). The light output of EJ-290 used in our detector is comparable to other plastics with similar hydrogen to carbon content ratio for a proton recoil energy at or near 2.45 MeV.
Although relatively long count times were required for the measurements presented here, Monte Carlo simulations show that the neutron intrinsic detection efficiency will increase with the increasing geometric size of future detectors based on this design [23] . A nonproportionality in the scintillation light output as a function of deposited neutron energy has been observed. It is often of interest to measure neutron sources with complex energy spectra. Well-characterized liquid scintillators are routinely used to unfold complex, broad neutron energy spectra [40] . The measurements conducted in this experiment represent a special case, where a narrow, quasi-monoenergetic neutron spectrum is measured. For measurements of broader neutron spectra, the response function of the detector would need to be determined through additional measurements and unfolding techniques would have to be used, but the prominent peak at the endpoint of light output for a given neutron energy could help to improve the performance of high-resolution spectral unfolding. The time to decision of the identity of the particle is approximately 200 ns, which is comparable to other neutron scintillators [4] , [41] , but slower than some loaded liquid scintillators, which could provide particle identification based on a record length on the order of tens of ns [42] . The time to decision when the neutron energy is also measured is significantly longer (on the order of several tens of μs) and is dominated by the diffusion time of the neutron in the PVT prior to capture.
Discrimination between neutrons and gammas below a few hundred of keVee can be challenging for detectors that do not employ capture gating, such as the EJ-309 and EJ-299-33, which limits the detection of low-energy neutrons. The composite detector discussed here is sensitive to a broad neutron energy range. The high cross section for neutron capture on 6 Li at and below thermal energies and the high Q-value of the reaction, results in essentially a zero energy threshold for neutron detection. The degree of separation between neutrons and gammas can be quantified by a figure of merit (FOM) as defined in [43] . The composite detector achieves a FOM of 3.5, whereas the EJ-309 and EJ-299 achieve FOMs of approximately 1.5 and 1, respectively [41] .
Much work has been done with loading neutron sensitive material in scintillators in both homogeneous and heterogeneous configurations [4] , [8] , [20] , [42] , [44] , [45] . Specifically, in [46] , state-of-the-art plastic scintillators are discussed, both loaded and unloaded. The ability to perform neutron spectroscopy at low energies in this class of detectors, to which our composite detector belongs, is determined by the characteristic light output of the scintillation material used. In Table III , light output normalized to that of anthracene for some common scintillators is provided.
While the plastic used in our composite prototype detector is average when compared to some of its counterparts with regards to light output, the choice of detector material depends on many factors, including physical form, cost, and difficulty of fabrication. Additional important considerations for a composite detector include the emission and absorption light spectrum and refractive index relative to that of the other component of the composite. Boron-loaded scintillators typically have a lower FOM compared to our composite detector. The 10 Bloaded liquid scintillator, NE213, achieves a FOM of 1.06, more than three times lower than the composite detector used in our experiments [44] . Similar FOM results were obtained with another boron-loaded liquid scintillator, EJ-339A, in [42] . The low Q-value for the 10 B capture reaction can affect the event separation based on energy. In addition, for some applications, solid state is preferred over liquid state. A lithium-loaded plastic was developed in [20] . It has a desirable solid state form and an inferior FOM of 1.3 when compared to our composite detector. Lithium-loaded liquid scintillators have also been developed and discussed in [4] and [45] . Characteristic light output is of particular importance if neutron spectroscopy at low energies is desired, where the material used in [45] is inferior to most common scintillators. Reference [4] discusses a homogeneous design of a lithium-loaded liquid that displays very similar characteristics to that of our composite detector. With similar performance, the cost and desired physical form (solid and liquid) must also be considered.
The characteristics of the composite detector used in the experiments could benefit certain applications, such as the detection and spectroscopy of the relatively low energy delayed neutrons from fission in a high mixed radiation field, where sensitivity to low energy neutrons and a high FOM are necessary. At higher energies, the prominent peak-like structure in the light output could benefit the performance of spectral unfolding.
